The N-methyl-D-aspartate receptor (NMDAR) is a Ca 2+ -permeable glutamate receptor mediating many neuronal functions under normal and pathological conditions. Ca 2+ -influx via NMDARs activates diverse intracellular targets, including Ca 2+ -dependent protease calpain. Biochemical studies suggest that NR2A and NR2B subunits of NMDARs are substrates of calpain. Our physiological data showed that calpain, activated by prolonged NMDA treatment (100 µM, 5 min) of cultured cortical neurons, irreversibly decreased the whole-cell currents mediated by extrasynaptic NMDARs. Animals exposed to transient forebrain ischemia, a condition that activates calpain, exhibited the reduced NMDAR current density and the lower full-length NR2A/ B level in a calpain-dependent manner. Disruption of the association between NMDARs and the scaffolding protein PSD-95 facilitated the calpain regulation of synaptic NMDAR responses and NR2 cleavage in cortical slices, while inhibition of calcineurin activity blocked the calpain effect on NMDAR currents and NR2 cleavage. Calpain-cleaved NR2B subunits were removed from the cell surface. Moreover, cell viability assays showed that calpain, by targeting NMDARs, provided a negative feedback to dampen neuronal excitability in excitotoxic conditions. These data suggest that calpain activation suppresses NMDAR function via proteolytic cleavage of NR2 subunits in vitro and in vivo, and the susceptibility of NMDARs to calpain cleavage is controlled by PSD-95 and calcineurin.
proteins, signaling molecules, and cytoskeletal proteins (Wenthold et al., 2003) , the calpaininduced truncation of NR2 subunits is expected to have a significant impact on NMDAR surface expression and function in neurons. Indeed, transgenic mice with deleted NMDAR C-terminus show impaired NMDAR subcellular localization and synaptic plasticity (Sprengel et al., 1998; Steigerwald et al., 2000) . However, the physiological consequence of calpain-mediated cleavage of NMDARs and the mechanism that controls the efficiency of this cleavage are unclear. Here, we show that activation of calpain, induced by overstimulation of NMDARs in vitro or by transient focal cerebral ischemia in vivo, produces a sustained down-regulation of NMDAR currents, which is accompanied by the reduced level of full-length NR2 subunits, in cortical pyramidal neurons. Moreover, the susceptibility of NMDARs to calpain cleavage is controlled by two molecules. One is the scaffolding protein PSD-95, which protects synaptic NMDARs from being proteolyzed by calpain. The other is the major Ca 2+ -dependent protein phosphatase calcineurin, which provides a "gate" to enable the calpain regulation of NMDA receptors. The downregulation of NMDAR function by calpain provides a negative feedback to dampen neuronal excitability in excitotoxic conditions like ischemia and neurodegenerative diseases. By decreasing or increasing calpain-mediated cleavage of NMDARs, PSD-95 and calcineurin could be especially critical for neurons to control excessive excitability.
Materials and Methods

Primary culture
All experiments were performed with the approval of the Institutional Animal Care and Use Committee (IACUC) of the State University of New York at Buffalo. Rat cortical cultures were prepared with procedures similar to what we used previously Yuen et al., 2005) . Briefly, frontal cortex was dissected from 18 d rat embryos and cells were dissociated using trypsin and trituration through a Pasteur pipette. Cells were plated on coverslips coated with poly-L-lysine in Dulbecco's Modified Eagle medium (DMEM) with 10% fetal calf serum at a density of 2.5 × 10 5 cells/cm 2 . When cells attached to the coverslip within 24 hr, the media was changed to Neurobasal with B27 supplement. Cytosine arabinoside (AraC, 5 µM) was added at DIV3 to stop glia proliferation. Neurons were maintained for 10-15 days before being used for electrophysiological recording or immunocytochemical staining.
Whole-cell recording
Acutely dissociated cortical neurons from 3-4 weeks old rats were prepared as described previously . In brief, rats were anaesthetized with halothane vapour before decapitation. Brain slices (300 µm) were incubated in a NaHCO 3 -buffered saline bubbled with 95% O 2 . The frontal cortical areas were dissected and digested in an oxygenated chamber consisted of papain (0.4 mg/ml; Calbiochem) for 40 min at room temperature. Following washing, the tissue was mechanically dissociated with a graded series of firepolished Pasteur pipettes. The isolated cells were then dispersed into a 35mm Lux Petri dish positioned on the stage of a Nikon inverted microscope. Whole-cell recording of NMDAR channel currents used standard voltage-clamp techniques Yuen et al., 2005) . The internal solution contained (in mM): 180 N-methyl-D-glucamine (NMG), 4 MgCl 2 , 40 HEPES, 0.5 BAPTA, 12 phosphocreatine, 3 Na 2 ATP, and 0.5 Na 2 GTP, pH 7.2-7.3, 265-270 mosM. The external solution contained (in mM): 127 NaCl, 20 CsCl, 1 CaCl 2 , 10 HEPES, 5 BaCl 2 , 12 glucose, 0.001 TTX, and glycine 0.02, pH 7.3-7.4, 300-305 mosM. Recordings were obtained with an Axon Instruments 200B amplifier that was controlled and monitored by an IBM PC running pClamp 8 with a DigiData 1320 series interface (Axon instruments). Following seal rupture, series resistance (4-10 MΩ) was compensated (70-90%). NMDAR-mediated current was evoked by application of NMDA (100 µM) for 2 s every 30 s in neurons held at −60 mV. During prolonged NMDA treatment, NMDA (100 µM) was continuously applied for 5 min in solution containing 2 mM CaCl 2 and 20 µM glycine. Drugs were delivered with a 'sewer pipe' system. The array of drug capillaries (ca. 150 µm i.d.) was positioned a few hundred microns from the cell under examine. Solution changes were controlled by the SF-77B fast-step solution stimulus delivery device (Warner Instruments). Data were analyzed with Clampfit (Axon instruments) and Kaleidagraph (Albeck Software).
Electrophysiological recordings in slices
The whole-cell voltage-clamp technique was used to measure NMDAR-EPSC in cortical slices Yuen et al., 2005) . The slice (300 µm) was incubated with artificial CSF (ACSF) containing bicuculline (10 µM) and CNQX (20 µM). The internal solution contained (in mM): 130 Cs-methanesulfonate, 10 CsCl, 4 NaCl, 1 MgCl 2 , 10 HEPES, 5 EGTA, 2.2 QX-314, 12 phosphocreatine, 5 MgATP, 0.5 Na 2 GTP, pH 7.2-7.3, 265-270 mosM. Neurons were visualized with a 40 × water-immersion lens and illuminated with near infrared IR light. All recordings were performed using a Multiclamp 700A amplifier. Tight seals (2-10 GΩ) were generated by applying negative pressure. Additional suction was applied to disrupt the membrane and obtain the whole-cell configuration. EPSCs were evoked by stimulating the neighboring cortical neurons with a bipolar tungsten electrode (FHC, Inc.) located at a few hundred micrometers away from the neuron under recording. Before stimulation, neurons were held at −70 mV and then depolarized to +60 mV for 3 s to fully relieve the voltage-dependent Mg 2+ block of NMDARs (Hestrin et al., 1990 ).
Reagents such as calpain inhibitor III, ALLN (Ac-Leu-Leu-Nle-H), cyclosporine A, FK506, microsystin, okadaic acid (OA) and were made up as concentrated stocks in water or DMSO and stored at −20°C. Stocks were thawed and diluted immediately prior to use. The sequence of TAT-fused NR2CT peptide is "YGRKKRRQRRRKLSSIEDV", and the scrambled control peptide is "YGRKKRRQRRR SSKLIDVES".
Western blotting
After treatment, slices were homogenized in boiling 1% SDS, followed by centrifugation (13,000 × g, 20 min). The supernatant fractions were subjected to 7.5% SDS-polyacrylamide gels and transferred to nitrocellulose membranes. The blots were blocked with 5% nonfat dry milk for 1 hr at room temperature, followed by incubation with various primary antibodies including α-spectrin (Chemicon, Temecula, CA), NR2A (C-terminal, aa 1265-1464, Upstate Biotechnology, Lake Placid, NY), NR2B (C-terminal, last 20 aa, Upstate), NR1 (C-terminal, aa 660-811, Chemicon), NR2B (N-terminal, Zymed), GABA A R β subunits (Upstate) or GABA A R β subunits (Chemicon). After incubation with horseradish peroxidase-conjugated secondary antibodies (Sigma-Aldrich), the blots were exposed to the enhanced chemiluminescence substrate (Amersham Biosciences). Quantitation was obtained from densitometric measurements of immunoreactive bands on films.
Biochemical Measurement of Surface Receptors
The surface NMDA receptors were detected as described previously . Briefly, after treatment, cortical slices were incubated with ACSF containing 1 mg/ml Sulfo-NHS-LC-Biotin (Pierce Chemical Co., Rockford, IL) for 40 min on ice. The slices were then rinsed three times in TBS to quench the biotin reaction, followed by homogenization in 300 µl of modified RIPA buffer (1% Triton X-100, 0.1% SDS, 0.5% deoxycholic acid, 50 mM NaPO 4 , 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM PMSF, and 1 mg/ml leupeptin). The homogenates were centrifuged at 14,000 × g for 30 min at 4°C. 15 µg of protein were removed to measure total protein. For surface protein, 150 µg of protein were incubated with 100 µl 50% Neutravidin Agarose (Pierce Chemical Co.) for 2 hr at 4°C, and bound proteins were resuspended in 25 µl of SDS sample buffer and boiled. Quantitative Western blots were performed on both total and biotinylated (surface) proteins using antibodies against the N-terminus of NR2B (1:500, Zymed) and an antibody against GABA A R β subunits (1:500, Chemicon).
Small interfering RNA
To suppress the endogenous µ-calpain expression, we transfected cortical cultures with the small interfering RNA (siRNA, Santa Cruz, CA). We used a pool of 3 siRNA oligonucleotides that target 3 distinct sites of calpain regulatory subunit including 5'-CACGUAGUCAUUACUCUA-3', 5'-ACUAUCGGUAGCCAUGAA-3' and 5'-UACCCAGCUUCCCAAUCA-3'. The siRNAs were cotransfected with EGFP into cultured cortical neurons (DIV 8) using the Lipofectamine 2000 method. Recording was performed on DIV 10-11.
Co-immunoprecipitation
After treatment, each slice was collected and homogenized in 1 ml lysis buffer (50 mM Tris, 1% deoxycholic acid, 10 mM EDTA, 10 mM EGTA, 1 mM PMSF, and 1 mg/ml leupeptin). Lysates were ultracentrifuged (200,000 × g) at 4°C for 60 min. Supernatant fractions were incubated with an anti-PSD95 antibody (Affinity BioReagents, 1:100) for 2 hr at 4°C, followed by incubation with 50 µl of protein A/G plus agarose (Santa Cruz Biotechnology) for 2 hr at 4°C. Immunoprecipitates were washed for three times with PBS, then boiled in 2x SDS loading buffer for 5 min, and separated on 7.5% SDS-polyacrylamide gels. Western blotting experiments were performed with antibodies against NR2A (Upstate), NR2B (Upstate) and PSD-95 antibody (Affinity BioReagents).
Ischemia model
Ischemic procedures were performed in 4-6 month-old male Mongolian gerbils as described previously (Yuen et al., 2007a ). Animals were anesthetized by i.p. injection of pentobarbital (5mg/100g body weight, Abbott Laboratories) before surgery. A midline ventral incision was made in the neck and bilateral carotid arteries were occluded using non-transmatic aneurysm clips. After 10 min of occlusion, the clips were removed. Four hours later animals were anesthetized by inhaling halothane vapor and decapitated. Brains were sliced for electrophysiological and biochemical experiments. Sham-operated animals were under the same surgical procedures except that the common carotid arteries were not occluded.
Immunocytochemistry
Neuronal viability was evaluated with co-staining of MAP2 (to label survival neurons) and propidium iodide (PI, to label apoptotic neurons). Cortical cultures (DIV 14) were treated with NMDA (100 µM, 10 min), and returned to regular culture media. In some experiments, TAT-NR2C peptide (10 µM) and/or calpain inhibitor III (20 µM) were added 30 min before NMDA treatment. Twenty-four hours later, cells were fixed with 4% paraformaldehyde for 30 min and permeabilized with 0.2% Triton X-100 for 10 min. After 1 hr incubation in 5% BSA to block non-specific staining, cells were incubated with anti-MAP2 (1:1000, Chemicon) for 1 hr at room temperature. After washing, cells were incubated in an FITCconjugated secondary antibody (1:200, Invitrogen) for 2 hr at room temperature. After three washes in PBS, neurons were exposed to PI (4 µg/ml, Sigma) for 10 min at room temperature. After washing, coverslips were mounted on slides with VECTASHIELD mounting media (Vector Laboratories). The number of MAP2+ neurons (survival neurons) and neurons showing shrunk and condensed nucleus in PI staining (apoptotic neurons) were counted and compared to control (untreated cultures). Each specimen was imaged under identical conditions and analyzed using identical parameters.
Results
Activation of calpain, induced by prolonged NMDA treatment or transient ischemia, suppresses NMDAR-mediated currents in cortical pyramidal neurons
To test the impact of calpain on NMDAR functions, we transfected an siRNA against the calpain regulatory subunit (Yuen et al., 2007b) , and examined the effect of calpain on NMDAR-mediated currents in cultured cortical pyramidal neurons (DIV10-11). Transfection of calpain siRNA specifically and effectively suppressed the expression of calpain ( Figure 1A , inset). Application of short NMDA pulses (100 µM, 2 sec every 30 sec) evoked stable inward currents (Wu et al., 2005) . Since most synaptic NMDARs are located at spines of distal dendrites, the whole-cell NMDA-elicited currents are primarily mediated by extrasynaptic NMDARs located at soma and proximal dendrites. As shown in Figure 1A and 1B, a prolonged NMDA application (100 µM, 5 min) produced a persistent depression of NMDAR currents in neurons transfected with GFP (43.3 ± 4.4%, n = 5, Figure 1C ) or a scrambled siRNA (46.0 ± 3.8%, n = 4, Figure 1C ). However, this effect was almost abolished in neurons transfected with calpain siRNA ( Figure 1A and 1B, 7.7 ± 1.4%, n = 6, Figure 1C ). The basal NMDAR current was not altered by calpain siRNA transfection (control: 35.5 ± 1.4 pA/pF, n = 9; calpain siRNA: 34.2 ± 1.6 pA/pF, n = 6). These data indicate that calpain mediates the reducing effect on NMDAR currents by prolonged NMDA treatment. Consistent with our previous finding (Yuen et al., 2007a) , GABA A R current kept stable following a prolonged NMDA treatment (100 µM, 5-10 min), suggesting that neurons remained healthy during the electrophysiological experimental period.
To test the physiological relevance of the effect of calpain on NMDA receptors induced by prolonged NMDA treatment in vitro, we examined whether cerebral ischemia can indeed activate calpain and thus cause the down-regulation of NMDA receptors in vivo. To do this, we recorded NMDA (100 µM)-elicited currents in cortical pyramidal neurons acutely isolated from gerbils exposed to transient ischemic insults. As shown in Figure 2A , the NMDAR current density was significantly smaller in neurons from ischemic animals (20.2 ± 2.2 pA/pF, n = 13, p < 0.001, ANOVA), compared to those from sham-operated animals (48.2 ± 1.3 pA/pF, n = 9). In contrast, the GABA A R current density was not affected (sham: 60.2 ± 4.8 pA/pF, n = 7; ischemia: 59.4 ± 2.1 pA/pF, n = 6). Moreover, the cortical neurons from ischemic animals injected with calpain inhibitor III (3 mg/kg, i.p. at 5 min after the onset of ischemia) showed substantial restoration of NMDAR current density (41.3 ± 1.4 pA/pF, n = 13, p < 0.001, ANOVA, compared to ischemic animals). These data suggest that functional NMDA receptors are selectively down-regulated after forebrain ischemia, and inhibition of calpain blocks the ischemia-induced suppression of NMDAR currents. Next, we measured the level of NMDAR subunits in cortical slices from ischemic animals. Full-length NR2A and NR2B proteins were detected with antibodies directed against their C-terminal regions. As shown in Figure 2B and 2C, the levels of full-length NR2A and NR2B subunits were substantially lower in animals exposed to ischemic insults compared to sham-operated animals (NR2A: 25 ± 5% of control; NR2B: 35 ± 4% of control, n = 4). Injection of calpain inhibitor III in ischemic animals prevented the proteolytic processing of NR2A and NR2B subunits (NR2A: 91 ± 4% of control; NR2B: 81 ± 8% of control, n = 4). The level of GABA A R β2/3 subunits remained unchanged in ischemic animals, suggesting that the significant decrease in full-length NR2A/B is not a general effect of neuronal death. α-spectrin, an indicator of calpain activation, was cleaved into two fragments in ischemic animals, confirming that calpain was strongly activated after transient forebrain ischemia. Taken together, these results suggest that, similar to prolonged NMDA treatment in vitro (Wu et al., 2005) , forebrain ischemia in vivo leads to calpain proteolysis of NMDAR subunits.
The anchoring protein PSD-95 controls calpain regulation of synaptic NMDA receptors
Previous studies have suggested that NMDAR membrane stability is regulated by its interaction with the scaffolding protein PSD-95 (Roche et al., 2001; Prybylowski et al., 2005) . We next examined whether the binding between PSD-95 and NMDARs could influence the effect of calpain on synaptic NMDAR responses. To disrupt preformed NMDAR/PSD-95 complexes, we applied the peptide NR2CT derived from NR2B Cterminal residues (Aarts et al., 2002, KLSSIESDV, conserved at NR2A C-term except for 2 aa), which contains the binding region for PSD-95 (Kornau et al., 1995) . This peptide was fused with the protein transduction domain of the human immunodeficiency virus (HIV) TAT protein (YGRKKRRQRRR, Schwarze et al., 1999) , which rendered it cell-permeant. As shown in Figure 3A and 3B, treatment of cortical slices with TAT-NR2CT peptide (25 µM, 30 min) significantly reduced PSD-95/NR2A and PSD-95/NR2B interactions.
To examine the impact of calpain on synaptic NMDA receptors, we measured NMDAR-EPSC in cortical slices. In contrast to whole-cell currents primarily mediated by extrasynaptic NMDA receptors in cultured or dissociated neurons, prolonged NMDA (100 µM, 5 min or 10 min) treatment did not induce a sustained reduction of NMDAR-EPSC (measured at 20 min after washing off NMDA, compared to the pre-NMDA control baseline) ( Figure 3C , 2.5 ± 2.9%, n = 8, Figure 3D ). Only a transient reduction of NMDAR-EPSC was observed with prolonged NMDA treatment (not illustrated in Figure 3C ). To test whether PSD-95 protects synaptic NMDARs from being cleaved by calpain, we dialyzed neurons with the TAT-NR2CT peptide to disrupt PSD-95/NR2 binding. Dialysis with TAT-NR2CT peptide (10 µM) induced a decline of NMDAR-EPSC ( Figure 3C , 24.8 ± 4.3%, n = 7), which may be caused by the internalization of NMDARs due to the loss of PSD-95 binding (Roche et al., 2001; Prybylowski et al., 2005) . After the current had reached a steady state in the presence of TAT-NR2CT peptide, a prolonged NMDA treatment (100 µM, 5 min) induced a marked reduction of NMDAR-EPSC ( Figure 3C , 56.0 ± 5.9%, n = 6, Figure 3D ). This effect was significantly blocked by bath application of the selective calpain inhibitor ALLN (25 µM, Figure 3C , 6.2 ± 3.1%, n = 5, Figure 3D ). It suggests that the suppression of NMDAR-EPSC by prolonged NMDA treatment in the presence of TAT-NR2CT peptide is mediated by calpain activation.
To test whether prolonged NMDA treatment reduces NMDAR-EPSC by cleaving NMDARs when they are no longer associated with PSD-95, we detected the level of NR2A and NR2B subunits in cortical slices treated with or without TAT-NR2CT peptide (10 µM, 30 min). As shown in Figure 4A and 4B, prolonged NMDA (100 µM, 5 min) or glutamate (500 µM, 5 min) treatment significantly reduced the level of full-length (uncleaved) NR2A (glutamate: 43.0 ± 7% of control; NMDA: 53.0 ± 6% of control, n = 4) and NR2B (glutamate: 23.0 ± 10% of control; NMDA: 18.0 ± 8% of control, n = 4) only in slices treated with TAT-NR2CT peptide. It suggests that dissociating NMDARs from PSD-95 promotes calpainmediated NMDAR cleavage.
For calpain-cleaved NMDA receptors, one possibility is that they remain on the surface but become less functional. Alternatively, they get removed from the surface. To test this, we performed biotinylation experiments to measure the level of surface NMDARs in cortical slices. Surface proteins were first labeled with sulfo-NHS-LC-biotin, and then biotinylated surface proteins were separated from non-labeled intracellular proteins by reaction with Neutravidin beads. Surface and total proteins were subjected to eletrophoresis and probed with an antibody against the N-terminal domain of NR2B, which labeled both cleaved (truncated) and non-cleaved (full-length) fragments. As shown in Figure 4C and 4D, prolonged glutamate treatment (500 µM, 10 min) slightly increased the level of cleaved NR2B fragment (115 KDa) in the total protein lysate (168 ± 27% of control, n = 4, p < 0.05, ANOVA), and this effect was significantly potentiated in the presence of TAT-NR2CT peptide (309 ± 49% of control, n = 4, p < 0.01, ANOVA). However, this truncated form of NR2B (115 KDa) was largely undetectable in the cell surface with or without TAT-NR2CT peptide (Glu: 101 ± 9% of control; Glu+NR2CT peptide: 105 ± 17% of control, n = 4). To prove that biotin labeling is restricted to surface proteins, we have re-probed the blots with a control internal protein, actin. No actin was detected in the biotinylated fraction (data not shown). Our results suggest that calpain-cleaved NR2B subunits were removed from the plasma membrane.
Activation of calpain exerts a protective effect against NMDA-induced excitotoxicity
Since excessive [Ca 2+ ] i elevation by overstimulation of NMDARs can cause excitotoxic neuronal death, the calpain-mediated down-regulation of NMDAR function may provide a neuroprotective effect against NMDAR-mediated excitotoxicity. To test this, we measured neuronal viability in cortical cultures (DIV 14) treated with NMDA (100 µM, 10 min). Neurons were washed several times after NMDA treatment and kept in regular culture media. Twenty-four hours later, cultures were collected for immunocytochemical experiments. Surviving neurons were detected using the dentritic marker MAP2, while apoptotic cell death was indicated by shrunk and condensed nucleus in propidium iodide (PI) staining Bonfoco et al, 1995) . As shown in Figure 5A and 5B, NMDA treatment induced remarkable apoptosis in cortical pyramidal neurons, as indicated by significantly decreased number of MAP2+ neurons (27.6 ± 1.6 % survival, Figure 5F ) and significantly increased number of cells with shrunk and condensed nucleus in PI staining (control: 4.4 ± 1.1% apoptosis; NMDA-treated: 70.4 ± 4.5%, apoptosis, Figure 5G ). Note that NMDA-induced condensed nucleus PI staining only occurred in MAP2-neurons, but not in MAP2+ neurons, suggesting that the MAP2+ neurons were indeed healthy cells that remained alive. In the presence of calpain inhibitor III (20 µM, added 30 min prior to NMDA), NMDA treatment resulted in less cell survival and more severe neuronal death ( Figure 5C , 4.5 ± 0.6% survival, Figure 5F ; 95.5 ± 1.0% apoptosis, Figure 5G ). There was no change of cell viability in cultures treated with calpain inhibitor III alone (99.2 ± 7% survival), suggesting that calpain inhibitor III itself is not toxic to neurons. When adding calpain inhibitor III simultaneously with NMDA, it was still able to potentiate the NMDAinduced neuronal death (7.7 ± 1.3% survival). These results suggest that calpain has a neuroprotective effect against NMDAR-mediated excitotoxicity.
Pretreatment of cortical cultures with TAT-NR2CT peptide (10 µM, added 30 min prior to NMDA treatment) significantly promoted cell survival and attenuated NMDA-induced excitotoxicity ( Figure 5D ), as indicated by more living neurons (59.2 ± 3.7% survival, Figure 5F ) and less neuronal death (42.4 ± 1.9% apoptosis, Figure 5G ). However, this protective effect of TAT-NR2CT peptide was abrogated by addition of calpain inhibitor III ( Figure 5E , 15.0 ± 1.3% survival, Figure 5F ; 79.8 ± 4.0% apoptosis, Figure 5G ). It suggests that TAT-NR2CT peptide protects neurons against NMDA-induced excitotoxicity through a mechanism dependent on calpain activation.
Calcineurin activity affects the calpain regulation of NMDA receptors
Since the calpain cleavage of many substrates is affected by their phosphorylation state (Bi et al., 1998a; Rong et al., 2001; Yuen et al., 2007b) , we tested whether manipulating the activity of various kinases or phosphotases alters the susceptibility of NMDARs to calpain regulation. Previous studies have shown that calcineurin (i.e. protein phosphatase 2B, PP2B), the major Ca 2+ -dependent phosphatase in neurons, is activated by calpain cleavage and mediates Ca 2+ -triggered cell death (Kim et al., 2002; Wu et al., 2004 ), thus we first examined the role of calcineurin in calpain cleavage of NMDARs. Two agents that specifically inhibit calcineurin via distinct mechanisms, cyclosporine A and FK506, were used. As shown in Figure 6A , in the presence of cyclosporine A (20 µM), the reducing effect on NMDAR currents by prolonged NMDA treatment (100 µM, 5 min) was significantly diminished (7.5 ± 2.5%, n = 6, Figure 6C ). Cyclosporine A itself did not alter basal NMDA currents ( Figure 6A ). After the calpain-mediated reduction of NMDAR currents was established, subsequent application of cyclosporine A failed to reverse the effect (data not shown). It suggests that inhibiting calcineurin activity has minimal impact on basal NMDAR currents, but preventing calpain from regulating NMDARs. Consistently, the calpain effect was largely blocked by application of FK506 (10 µM, 3.2 ± 1.9%, n = 5, Figure 6C ) or dialysis with the nonspecific phosphatase inhibitor microsystin (5 µM, 5.3 ± 3.7%, n = 5, Figure 6C ). In contrast, the calpain effect remained intact in the presence of PP1/2A inhibitor okadaic acid (1 µM, Figure 6B , 44.6 ± 4.5%, n = 5, Figure 6C ), or CaMKII inhibitor KN-93 (20 µM, 41.0 ± 2.9%, n = 5, Figure 6C ).
We also verified the involvement of calcineurin in calpain regulation of synaptic NMDA responses. As shown in Figure 6D and 6E, prolonged NMDA treatment (100 µM, 5 min) led to the suppression of NMDAR-EPSC in neurons dialyzed with TAT-NR2CT peptide (10 µM, 55.1 ± 4%, n = 6), but it failed to do so in neurons co-injected with FK506 (10 µM, 9.6 ± 1.6%, n = 5). These data suggest that calcineurin activity is specifically required for calpain regulation of NMDAR currents.
Next, we measured the calpain cleavage of NR2A and NR2B subunits (detected with C-term antibodies) in cortical slices treated with calcineurin inhibitors. Slices were incubated with TAT-NR2CT peptide (10 µM, 30 min pretreatment) to disrupt NMDAR/PSD-95 association and therefore enable calpain cleavage of NR2 subunits. As shown in Figure 7A and 7B, prolonged glutamate treatment (500 µM, 5 min) markedly reduced the level of full-length NR2A (53.0 ± 2% of control, n = 4) and NR2B (59.0 ± 2% of control, n = 4). However, application of FK506 (10 µM, 10 min pretreatment) significantly blocked its effect on NR2A (93.0 ± 4% of control, n = 4) and NR2B (83.0 ± 10% of control, n = 4). These results indicate that the calpain-mediated proteolysis of NR2 subunits is controlled by calcineurin activity.
Discussion
Elevation of calcium via NMDAR stimulation during sustained synaptic activity can lead to the activation of the calcium-dependent cysteine protease calpain. By exhibiting broad substrate specificity, calpain influences diverse cellular functions including gene expression (Abe and Takeichi, 2007) , excitotoxic neuronal death (Bano et al., 2005; Xu et al., 2007) , neurodegeneration (Saito et al., 1993; Gafni and Ellerby, 2002) , synaptic plasticity and memory formation (Hawasli et al., 2007; Shimizu et al., 2007) . Although NR2 subunits of NMDARs have been identified as calpain substrates in vitro and in heterologous systems via biochemical assays (Bi et al., 1998b; Guttmann et al., 2001; Simpkins et al., 2003) , the in vivo occurrence and physiological consequence of the calpain-mediated cleavage of NMDARs in neurons are still unclear. Our previous study provides electrophysiological and biochemical evidence indicating that activation of calpain in NMDA-treated cortical cultures induces the proteolysis of both NR2A and NR2B subunits and the suppression of NMDARmediated ionic currents (Wu et al., 2005) . In this study, using siRNA to knockdown calpain specifically instead of using pharmacological agents that lack specificity among cysteine proteases and other proteolytic enzymes, we further demonstrate that calpain, activated by NMDA exposure (100 µM, 5 min) to cortical cultures, suppresses NMDAR function. Consistent with the in vitro finding, we also demonstrate that calpain, activated by transient focal cerebral ischemia in vivo, causes the down-regulation of NMDAR current density, which is accompanied by proteolysis of NR2A and NR2B subunits. These results suggest that calpain activation is not necessarily detrimental, and it provides a negative feedback to dampen NMDAR-mediated excitotoxicity. Consistent with this notion, it has been shown recently that calpain activation following an initial NMDA exposure cleaves CRMPs (collapsing response mediator proteins), which leads to the decreased amount of surface NR2B subunit and increased resistance of cortical neurons to subsequent NMDA exposure (Bretin et al., 2006) .
In contrast to the impact of calpain on whole-cell NMDA-evoked current that is primarily mediated by extrasynaptic NMDA receptors, prolonged NMDA exposure (100 µM, 5 min) did not affect the NMDAR-EPSC mediated by synaptic NMDA receptors (NMDAR-EPSC at 20 min after washing off NMDA were compared to the pre-NMDA control level), suggesting that some protein at postsynaptic sites protects synaptic NMDARs from being cleaved by calpain. Biochemical studies show that co-expression of PSD-95 with NMDA receptors in cell lines blocks the calpain cleavage of NMDARs (Dong et al., 2004) , however it is unclear whether PSD-95 affects the susceptibility of NMDA receptors to calpain cleavage during synaptic transmission and excitotoxicity. In this study, we demonstrate that injection of NR2CT peptide to disrupt the NR2/PSD-95 binding facilitates calpain-mediated reduction of NMDAR-EPSC. Moreover, the expression level of full-length NR2A and NR2B is reduced by NMDA-activated calpain only in cortical slices treated with TAT-NR2CT peptide. These results suggest that PSD-95-bound NMDARs are resistant to calpain cleavage, and disruption of the NMDAR/PSD-95 association enables calpain to cleave NMDARs more effectively. Since the association between NMDARs and PSD-95 is decreased following transient global ischemia (Takagi et al., 2000) , it explains the strong cleavage of NR2A and NR2B by calpain in cortical slices from ischemic animals that we have observed in this study. A previous study suggests that TAT-NR2CT peptide prevents ischemia-induced cell death potentially via nitric oxide synthase (Aarts et al., 2002) . Our data have confirmed the protective role of TAT-NR2CT peptide, but suggested an alternative mechanism underlying the neuroprotection. TAT-NR2CT peptide, by perturbing the NMDAR/PSD-95 interaction, facilitates calpain-mediated down-regulation of synaptic NMDA responses, leading to the protection against NMDAR excitotoxicity.
Our previous study has shown that the down-regulation of NMDAR current induced by prolonged NMDA treatment (100 µM, 5 min) is dependent on Ca 2+ and calpain (Wu et al., 2005) . Other studies using brief applications of NMDA (5-10 sec) have found Ca 2+ -independent but internalization-dependent down-regulation of NMDAR current (Vissel et al., 2001; Li et al., 2002) , which may be because calpain is not activated under these conditions, since calpain activation requires µM [Ca 2+ ] i (Glading et al., 2002; Goll et al., 2003) . Another reason for not seeing the calpain-mediated proteolysis of NMDARs in previous studies by others is the use of protease inhibitor leupeptin (Vissel et al., 2001) or high concentration of Ca 2+ chelator BAPTA (Nong et al., 2003) in the recording electrodes, which blocks the effect of activated calpain, if there is any.
Using an antibody against N-terminal (NT) NR2B, we found that calpain-cleaved NR2B subunits were removed from the plasma membrane. Because of the lack of a reliable antibody against NT-NR2A, we cannot exactly localize the cleaved NR2A using biochemical assays. A previous study with a nonspecific NT-NR2A/B antibody has shown that the calapin-cleaved NR2 fragment (115 kDa) can be detected at the cell surface (Simpkins et al., 2003) , however the identity of the surface fragment is unknown. Since NR2A and NR2B have distinct endocytic motifs and endocytic sorting, with NR2B undergoing more robust endocytosis than NR2A (Lavezzari et al., 2004) , it is likely that Cterminal (CT)-cleaved NR2B is more easily to be removed from the surface than cleaved NR2A. Moreover, surface biotinylation assays cannot tell whether the increased NR2 fragment on the surface represents the total or partial population of cleaved NR2. It is possible that only a portion of cleaved NR2A remains at the cell surface. Using electrophysiological recordings of functional NMDA receptors at synapses, we found that calpain cleavage reduced NMDAR-EPSC (mediated by synaptic NR2A and NR2B) by 55-60% (when PSD-95 binding was disrupted). Because only ~30% NMDAR-EPSC is mediated by synaptic NR2B (Liu et al., 2004) , it suggests that synaptic NR2A, at least in part, is also removed from plasma membrane after calpain cleavage. Interestingly, a recent study (von Engelhardt et al. 2007) shows that cortical cultures with CT-truncated NR2A have significantly reduced (40-65%) synaptic NMDAR-mediated charge component. It supports our speculation that a large portion of calpain-truncated NR2A is likely removed from the membrane.
Recent studies have found that NR2A and NR2B subunits have differential roles in mediating excitotoxic neuronal death (Liu et al., 2007 , Engelhardt et al. 2007 ). While it is agreed that NR2B underlies the cell death in young cultures (DIV14), the role of NR2A is not very clear. Engelhardt et al. has reported that NR2A contributes to excitotoxicity in older cultures (DIV21), but has a neuroprotective aspect at submaximal NMDA concentration. On the other hand, Liu et al. has reported that NR2A promotes neuronal survival in vitro (DIV11-14 cultures) and in vivo (ischemia model). Our data indicate that in cortical cultures (DIV14), calpain down-regulates NMDAR ionic currents (primarily mediated by NR2B), suggesting a neuroprotective role of calpain in immature synapses. On the other hand, because of the opposing action of NR2B and NR2A in mediating cell death and survival, calpain down-regulation of NMDAR-EPSC (mediated by NR2A and NR2B) in acute slices (from 3-4 weeks old rats) could have complicated consequences in terms of excitotoxicity depending on subunit dominance and NMDA concentrations.
In addition to NMDAR subtypes, it has been found that activation of synaptic vs. extrasynaptic NMDARs exerts opposing actions on excitotoxicity (Hardingham et al. 2002) . Synaptic NMDAR triggers phosphorylation of CREB, induces BDNF expression and promotes neuronal survival against ischemic insults. Conversely, extrasynpatic NMDAR antagonizes synaptic NMDARs by stimulating CREB shut-off signaling, which overrides the neuroprotective effect induced by synaptic NMDARs and consequently leads to neuronal death (Hardingham et al. 2002) . Our data suggest that the calpain effect on NMDARs also depends on the synaptic localization of NMDARs. Calpain readily reduces whole-cell NMDAR currents (mainly mediated by extrasynaptic NMDARs), while it fails to modulate NMDAR-EPSC (mediated by synaptic NMDARs) unless the NMDAR-PSD-95 interaction is disrupted. This suggests that, under normal conditions, calpain preferentially downregulates extrasynaptic NMDARs, therefore providing a neuroprotective mechanism by removing CREB shut-off and cell death pathways. NMDAR functions are influenced by multiple protein kinases and phosphotases, including CaMKII (Leonard et al., 1999; Wang et al., 2003) , Src kinase (Yu et al., 1997; Salter and Kalia, 2004) and calcineurin (Lieberman and Mody, 1994) . The putative sites of calpainmediated truncation of NR2A subunit are at C-terminal residues 1279 and 1330 (Bi et al., 2000; Guttmann et al., 2001) , which are adjacent to the phosphorylation sites by CaMKII (S1303), Src (Y1281) and Fyn (Y1336) kinases (Wenthold et al., 2003) . Several reports show that tyrosine phosphorylation of NR2 subunits modifies their susceptibility to calpain cleavage (Bi et al., 2000; Rong et al., 2001; Wu et al., 2007) , however it is unknown whether serine/threonine phosphorylation and dephosphorylation of NMDARs have any effect on their sensitivity to calpain cleavage. It has been shown that calcineurin, the Ca 2+ -dependent protein phosphatase, is activated during neuroexcitotoxicity by calpain cleavage of itself (Wu et al., 2004) or its inhibitor cain/cabin1 (Kim et al., 2002) . Calcineurin shortens NMDAR channel opening time (Lieberman and Mody, 1994) and enhances NMDAR desensitization (Krupp et al., 2002) , presumably by changing the phosphorylation state of NMDA receptors. Here we demonstrate that calcineurin also regulates NMDAR function via facilitating calpain-mediated proteolysis of NMDAR subunits. Thus, in addition to altering electrophysiological properties of NMDARs directly, calcineurin also indirectly modifies NMDAR function through calpain.
Comparing to calpain-mediated regulation of AMPARs that we have reported recently (Yuen et al., 2007a, b) , the present study shows that calpain regulates NMDARs in a way that has several similar features. First, calpain, activated by prolonged NMDAR stimulation, induces a substantial reduction of full-length NR2 and GluR1 subunits, which leads to the down-regulation of NMDAR and AMPAR channel currents. Second, in ischemic conditions when calpain is activated, full-length NR2 and GluR1 subunits are reduced, which is accompanied by lower NMDAR and AMPAR current densities. Our present study has also identified two unique factors controlling the sensitivity of NMDAR to calpain cleavage. First, synaptic NMDARs are protected from calpain cleavage by binding to the anchoring protein PSD-95. Second, the sensitivity of NMDARs to calpain regulation is affected by the Ca 2+ -dependent phosphatase calcineurin, whereas the CaMKII-mediated phosphorylation of GluR1 subunits determines the susceptibility of AMPARs to calpain cleavage (Yuen et al., 2007b) .
Taken together, our present study shows that calpain, activated by NMDAR stimulation in vitro or transient ischemia in vivo, suppresses NMDAR function via proteolysis of NR2A and NR2B subunits. Furthermore, this effect can be dynamically regulated by the anchoring protein PSD-95 and the protein phosphatase calcineurin. Given the critical involvement of both calpain and NMDARs in neuronal excitotoxicity, molecules controlling calpain cleavage of NMDARs may provide therapeutics targets for treating excitotoxic disorders (Cui et al., 2007) . A, Immunoblots of NR2A, NR2B and NR1 subunits (detected with C-terminal antibodies) in lysates of cortical slices following prolonged glutamate (500 µM, 5 min) or NMDA (100 µM, 5 min) treatment in the absence or presence of TAT-NR2CT peptide (10 µM, added 30 min before glutamate/NMDA treatment). Cells were collected after 10 min of washing following glutamate/NMDA treatment. B, Quantitive analysis (means ± SEM) showing the levels of NR2A and NR2B with glutamate or NMDA treatment in cortical slices in the absence or presence of TAT-NR2CT peptide. *: p < 0.001, ANOVA. C, Immunoblots of the total and surface NR2B subunit in lysates of cortical slices treated with glutamate (500 µM, 10 min) in the absence or presence of TAT-NR2CT peptide (10 µM, 30 min). Cells were collected after 10 min of washing. NR2B was detected with an antibody against the extracellular N-terminal, which labeled both the cleaved and uncleaved subunit. The total and surface GABA A R β subunits were also measured as a control. Similar results were obtained from four experiments. D, Quantitive analysis (means ± SEM) showing the level of cleaved NR2B fragment (115KDa) in total lysate or cell surface with glutamate treatment in cortical slices in the absence or presence of TAT-NR2CT peptide. #: p < 0.05, *: p < 0.01, ANOVA. 
